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ABSTRACT 
 
The aboveground surfaces of plants (i.e. the phyllosphere) comprise the largest 
biological interface on Earth (over 108 km2). The phyllosphere is a diverse microbial 
environment where bacterial inhabitants have been shown to sequester and degrade 
airborne pollutants (i.e. phylloremediation).  However, phyllosphere dynamics are not 
well understood in urban environments, and this environment has never been studied in 
the City of Phoenix, which maintains roughly 92,000 city trees. The phyllosphere will 
grow if the City of Phoenix is able to achieve its goal of 25% canopy coverage by 2030, 
but this begs the question: How and where should the urban canopy expand? I addressed 
this question from a phyllosphere perspective by sampling city trees of two species, 
Ulmus parvifolia (Chinese Elm) and Dalbergia sissoo (Indian Rosewood) in parks and on 
roadsides. I identified characteristics of the bacterial community structure and interpreted 
the ecosystem service potential of trees in these two settings. I used culture-independent 
methods to compare the abundance of each unique bacterial lineage (i.e. ontological 
taxonomic units or OTUs) on the leaves of park trees versus on roadside tree leaves. I 
found numerous bacteria (81 OTUs) that were significantly more abundant on park trees 
than on roadside trees. Many of these OTUs are ubiquitous to bacterial phyllosphere 
communities, are known to promote the health of the host tree, or have been shown to 
degrade airborne pollutants.  Roadside trees had fewer bacteria (10 OTUs) that were 
significantly more abundant when compared to park trees, but several have been linked to 
the remediation of petroleum combustion by-products. These findings, that were not 
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available prior to this study, may inform the City of Phoenix as it is designing its future 
urban forests.  
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INTRODUCTION 
The phyllosphere is the microbial habitat comprised of aboveground plant 
surfaces that interface with the atmosphere, and the majority of phyllosphere-related 
studies have focused on leaf surfaces (Lindow & Brandl, 2003). Leaf surfaces globally 
comprise over one billion km2 (Vorholt, 2012), which is six-fold greater than Earth’s 
terrestrial surface area. Studies of microbial inhabitants of the phyllosphere conducted 
across a range of biogeographical zones have focused on the chemical and physical 
environment of different plant surfaces, on interactions between microorganisms and the 
plant host, and on microorganism-environment interactions (Andrews & Harris, 2000). 
The phyllosphere is dominated by epiphytic (i.e. surface-dwelling) and endophytic (i.e. 
internal to plant tissues) bacteria that grow to densities averaging 106 to 107 cells cm-2, or 
108 cells g-1 of leaf biomass, globally comprising up to 1026 cells (Lambais et al., 2006). 
Phyllosphere microbial communities are ecologically important for understanding 
phytopathogenicity, phytosymbiosis, and the phylloremediation potential associated with 
plants (Ryan et al., 2008; Vorholt, 2012). 
Phylloremediation by urban trees is a growing area of phyllosphere research that 
focuses on the ability of phyllospheric bacteria and their plant hosts to degrade pollutants 
(Vorholt, 2012). Indirectly, phyllospheric bacteria enhance phylloremediation by 
promoting plant growth and health, which increases the host’s ability sequester, 
metabolize, and detoxify air pollutants (Weyens et al., 2015). A second, direct route of 
bacterial phylloremediation is performed by phyllospheric colonizers that degrade, 
mineralize, and detoxify a variety of atmospheric carbon- and nitrogen-based pollutants 
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that adsorb to or become fixed to leaf surfaces (Papen et al., 2002; Sandhu et al., 2007; 
Weyens et al., 2015). Detoxification and degradation of pollutants by bacteria also 
protects plants from negative health impacts that such pollutants would cause within the 
leaf tissue, and thus maintain the phylloremediation potential of the plant, which may 
otherwise be compromised (Weyens et al., 2015). 
It is not surprising that phyllospheric bacteria are efficient processers of 
atmospheric carbon-based pollutants because they rely on use of numerous hydrocarbon 
compounds of similar size and structure that are excreted by plants onto leaf surfaces as a 
carbon source (Lambais et al., 2006). Phyllospheric bacteria who use their ability to 
uptake and metabolize carbon from atmospheric pollutants are especially important in 
urban areas where trees are exposed to increased concentrations of air pollution. Motor 
vehicle emissions are among the largest contributors to organic carbon in the urban 
atmospheres (Subramanian et al., 2006; Heo et al., 2013), and traffic (i.e. gasoline/diesel) 
is associated with cardiovascular mortality (Mar et al., 2006). Consequently, cities 
intentionally place trees on roadsides to act as physical barriers to airborne pollutants 
produced during motor vehicle transportation. By this logic, higher concentrations of 
pollutants are removed from the air by trees that are planted closer to emissions sources, 
in this case motor vehicles. 
Motor vehicle emissions include a variety of carcinogenic pollutants, such as 
aliphatic carbon compounds, gaseous PAHs, phenol, and BTEXs (Ravindra, Sokhi & 
Van Grieken, 2007; Sandhu, Halverson, and Beattie, 2007; Heo et al., 2013), as well as 
gaseous nitrogen (N) compounds. The larger PAHs and aliphatic carbon compounds 
produced during petroleum combustion become carbonaceous aerosol particles that 
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adsorb to leaf surfaces, while smaller ambient PAHs and BTEXs remain primarily in the 
gas phase and may be stabilized on the leaf cuticle (Ravindra, Sokhi & Van Grieken, 
2007; Shandilya & Khare, 2012; Weyens et al., 2015). Gaseous N compounds, such as 
NO and NO2 (NOx), are produced during fossil fuel combustion, and some of these 
compounds are reduced to ammonia by catalytic converter processes (NH3; Bettez et al., 
2013). Gaseous NH3, NO, and NO2 enter plant leaves through stomata and travel into the 
sub-stomatal space while others are deposited onto the cuticle, where they may diffuse 
into the leaf (Sparks 2009). All of the aforementioned pollutants are toxic to plants; thus, 
the degradation capabilities of phyllospheric bacteria are especially important to the 
overall health of trees that are planted in urban areas. 
A variety of pollutants mentioned above are processed by phyllospheric bacteria 
when they make contact with the phyllosphere. These pollutants include aromatic 
hydrocarbons such as phenol and BTEX-compounds (toluene, ethylbenzene, and xylene; 
De Kempeneer et al., 2004; Sandhu, Halverson & Beattie, 2007; Sun et al., 2013), 
polyaromatic hydrocarbons (PAHs; Yutthammo et al., 2010; Ali et al., 2012; Al-Awadhi 
et al., 2012), petroleum hydrocarbons (Ilori et al., 2006), nitro-aromatic compounds (Van 
Aken et al., 2004), and atmospheric ammonia and nitrite (Papen et al., 2002). Several 
studies that have investigated phylloremediation have been conducted in response to 
health and ecological concerns that arise in cities around the world as a result of urban 
activities. However, the majority of studies that measure the biogeochemistry of 
phylloremediation have been conducted in laboratory settings using culture-dependent 
techniques that vastly underestimate true biogeochemical potential of the community 
(Whipps et al., 2008; Yashiro, Spear, & McManus, 2011). As a result, little is known 
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about in situ phyllosphere biogeochemical function in urban ecosystems. What is known 
is that bacterial species of several genera that are commonly found in the phyllosphere 
(i.e. constitutive members) are often absent from urban plants relative to plants in non-
urban environments (Brighigna, Gori, Gonnelli, & Favilli, 2000). Furthermore, Joshi 
(2008) found that overall bacterial population abundances were lower on urban roadside 
plants compared to plants located 500 meters or more from roads.  
In Phoenix, AZ, the site of this study, air quality is often a problem, and 
cardiovascular mortality has been associated with combustion-related pollutants and 
secondary aerosols (Mar et al., 2000; Lohse et al., 2008). In response to this public health 
concern, the City of Phoenix (CoP) plants and maintains public trees (i.e. the urban 
forest) to intercept and mitigate air pollution (Phoenix Tree Fact Sheet). However, 
previous research has not found consensus on the efficacy of urban trees for 
phylloremediation. Nowak, Crane, and Stevens (2006) created models of city-wide 
pollution remediation estimates that predict large quantities of pollution removal, while 
Pataki et al. (2011) reported that not enough evidence has been provided to demonstrate 
the net removal of pollutants by urban trees. Cities, including Phoenix, use the former to 
justify investment in the urban forest, while the latter has stimulated lively controversy. 
Despite this debate, the City of Phoenix claims that urban trees mitigate $5.76 Million 
yr=1 in avoided health costs by intercepting 1,770 tons yr-1 of air pollution; this is one 
justification for plans to expand its more than 92,000 tree urban forest (Environmental 
Protection Agency, 2015; MyTreeKeeper, 2016). 
The city of Phoenix uses two models—the National Tree Benefit Calculator 
(NTBC) and i-Tree software—to calculate the benefits of individual trees in its urban 
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forest (MyTreeKeeper, 2016). Air quality benefits are calculated based on the ability of 
the leaf surfaces of trees to absorb gaseous pollutants, intercept particles, release oxygen, 
and reduce ozone through transpirational cooling (Nowak, Crane, & Stevens, 2006; 
MyTreeKeeper, 2016). The economic values calculated by NTBC are currently guiding 
urban forestry decisions and plans to expand urban tree canopy cover to 25% by 2030 
(City of Phoenix, 2010) from its current 9% (Community Forest Assessment, 2014). 
Notably, these models and metrics are widely used by a number of cities. 
My research questions were prompted by the general lack of knowledge about the 
phyllosphere in Phoenix, the potential consequences of decisions concerning tree 
management and setting by city foresters, and the established knowledge about 
phyllospheric bacteria. My first question addressed the exploratory nature of the study 
that focused on an unknown bacterial environment: What is the phyllospheric 
composition of a sample of the urban trees in Phoenix? Because the phyllosphere harbors 
a set of typical bacterial taxonomic groups that colonize many types of plants and 
environments, I hypothesized that the constitutive inhabitants identified by previous 
studies would also colonize trees in Phoenix. Urban areas are often characterized by 
lower diversity of phyllospheric bacteria, but are not known to add new populations, so I 
also expected to find lower overall diversity in Phoenix than is found in non-urban 
environments. 
My second research question focused on the expected phyllospheric variation 
based on previous literature: Does phyllosphere composition change among different tree 
species and between park and road settings? In Phoenix, public trees have been planted 
primarily in two locations—in parks and along roadsides—and at roughly a two-to-one 
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ratio (Richard Atkins, CoP, personal communication, March 11, 2016). In this study, I 
hypothesized that park trees would harbor phyllosphere communities that are distinct 
from those of roadside trees, due to environmental and developmental advantages 
conferred by urban design and city management of park trees. For example, parks likely 
provide a larger inoculum reservoir for potential phyllosphere colonizers that reside in 
soils or surrounding trees (Vorholt, 2012) in comparison to roadside trees that are 
surrounded by impervious surfaces. Park trees experience less human-derived disturbance 
relative to trees along the road for two reasons. Park trees are set back from roadsides, 
and thus do not experience airflow created by the movement of motor vehicles. Secondly, 
the roads surrounding parks typically have lower speed limits and less traffic volume than 
roads lined with trees, and thus less pollution is created in close proximity to park trees. 
In Phoenix at least, it is clear from conversations with city employees that park trees 
receive more attention than those on roadsides: they are watered more strategically, either 
by flood irrigation or with sprinklers, whereas roadside trees are irrigated using 
underground bubblers. Parks are under the supervision of a full-time staff, and are 
managed by only a single city arborist responsible for miles of urban roads (Richard 
Atkins, CoP, personal communication, March 11, 2016).   
The other variable I considered was tree species. Phoenix’s urban forest was 
planned using the guideline that no tree family comprised more than 40%, no genus more 
than 30%, and no species more than 10% of the entire urban forest (Richard Atkins, CoP, 
personal communication, March 11, 2016; Table 1); the guideline is a precautionary 
measure to reduce the risk of catastrophic tree loss due to pests. In this study, I analyzed 
Dalbergia sissoo (Indian Rosewood; Figure 1), which are two of the most abundant  
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Figure 1. Ulmus parvifolia (Chinese Elm) and Dalbergia sissoo (Indian Rosewood) 
Trees. Tree, leaf, and scanning electron microscopy photos of leaf surfaces. 
 
bacterial phyllosphere communities on the leaves of Ulmus parvifolia (Chinese Elm) and 
public trees in Phoenix (Table 1). I chose these trees because they have full, accessible 
canopies (compared to palms), and both are planted frequently in parks and roads, while 
other native trees, such as Mesquite and Palo Verde, are mostly planted in xeric 
environments and have smaller leaves, which would have been more difficult to collect 
and process. Because both are angiosperms, but of different taxonomic orders, I 
hypothesized that each tree species would harbor phylogenetically distinct phyllosphere 
communities. Each species also present different cost tradeoffs to the city due to varied 
management strategies. Chinese Elm requires little pruning but needs consistent irrigation 
throughout its lifetime, while Indian Rosewood requires more pruning during the first 
few years of establishment but requires little to no water once established.  
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Table 1: Public Trees in Phoenix by Abundance 
 
My third research question, which was an extension of the second, asked: How 
does where a tree is located alter the biogeochemical potential of phyllospheric bacteria? 
The third research question was intended to: 1) address the function of bacteria in relation 
to biogeochemistry of pollutants, specifically gaseous and particulate C and N 
compounds and; 2) create knowledge for urban planning and management that would 
maximize ecosystem services provided by trees. I hypothesized that trees planted on 
roadsides were more likely to harbor bacteria that are able to utilize pollutants as carbon 
and nitrogen sources because they are physically closer to the point source of motor 
vehicle emissions, and likely experience greater deposition rates.  
METHODS 
 My experimental design was focused on sampling the bacterial phyllosphere 
community found on the leaves of two tree species growing in two urban locations. 
Roadside and park were my two locations and Chinese Elm and Indian Rosewood were 
the two species. To maximize the influence of vehicle traffic and emissions on 
phyllosphere communities, I chose trees that were alongside roads with high traffic 
volume (25,000-48,000 vehicles day-1; Table 2). I used a traffic volume map provided by 
Maricopa Association of Governments (2011) in conjunction with an interactive map that  
Common Name Genus % total public trees Total public trees 
Mesquite Prosopis velutina 8.8 9254 
Blue Palo Verde Parkinsonia florida 6.8 7196 
Aleppo Pine Pinus halepensis 5.8 6103 
Palo Brea Parkinsonia praecox 5.3 5712 
Chinese Elm Ulmus parvifolia 4.3 4569 
Indian Rosewood Dalbergia sissoo 4.1 4342 
California Fan Palm Washingtonia filifera 3.8 3996 
Shoestring Acacia Acacia stenophylla 3.1 3238 
Mexican Fan Palm Washingtonia robust 3.1 3236 
Arizona Ash  Fraxinus velutina 3 3176 
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Table 2:  2011 Average Weekday Daily Traffic Volume Adjacent to Roadside Trees. 
 
 
included the species identification of every city tree in Phoenix’s urban forest 
(MyTreeKeeper, 2015). I sampled park trees from 4 locations: Esteban Park, University 
Park, Hermoso Park and Manzanita Park. All of the trees that I sampled were located 
within the same 9 km by 14.5 km area (Figure 2). 
Leaf Collection: 
I collected leaves with gloved hands from at least three different parts of each 
canopy at the height of 1-2 meters. By choosing three locations, I accounted for intra-
canopy variability within the height 1-2 meters, and also excluded variability that is 
associated with higher areas of the canopy (Kinkel, 1997; Kinkel et al., 2000; Redford et 
al., 2010). Because it takes time for phyllospheric bacterial communities to recolonize  
Sample ID Species Traffic Volume  
(thousands of vehicles) 
1 Ulmus parvifolia (Chinese Elm) 25 
2 Ulmus parvifolia (Chinese Elm) 25 
3 Ulmus parvifolia (Chinese Elm) 31.3 
4 Ulmus parvifolia (Chinese Elm) 37.2 
5 Ulmus parvifolia (Chinese Elm) 31.3 
11 Dalbergia sissoo (Indian Rosewood) 48 
12 Dalbergia sissoo (Indian Rosewood) 48 
13 Dalbergia sissoo (Indian Rosewood) 32.5 
14 Dalbergia sissoo (Indian Rosewood) 32.5 
15 Dalbergia sissoo (Indian Rosewood) 32.5 
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Figure 2. Sampling Locations in Phoenix. The center picture is an overhead view of 
downtown and south Phoenix. Outer pictures show individual trees that were sampled. 
Arrows from each picture lead to a white dot that indicates the sample location. Legend 
on the right-hand side indicates labelling scheme. 
 
after rain events (Kinkel et al., 2000), I waited at least eight days following a rain event to 
harvest leaves. Precipitation was tracked using reports from NOAA precipitation 
collectors in Phoenix. To incorporate potential day-to-day variation in bacterial 
phyllosphere communities (Ercolani,1991; Jacques, Kinkel, and Morris 1995; Redford 
and Fierer 2009), I collected leaf samples on three different days during the same month 
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(April, 2015) and batched them together during DNA isolation to analyze the community 
composition in subsequent steps. 
Phyllosphere Bacterial Extraction: 
I extracted the phyllospheric bacteria by dislodging them with a washing 
procedure that left the leaves intact. This procedure targeted the epiphytic (i.e. surface-
dwelling) microbial communities, but it also extracted some leaf cells and endophytic 
(i.e. subsurface-dwelling) bacteria (plant material was later identified in taxonomic 
assignments and discarded for analyses, while probable endophytes were included 
throughout). For the leaf washing I added leaves to 100 mL of washing buffer in 250 mL 
Erlenmeyer flasks (1 M TrisCl, 500 mM EDTA, and 1.2% Triton diluted in autoclaved 
dH2O, per Kadivar and Stapleton, 2003) and shook the leaf-buffer solutions at 350 rpm 
for 5 min (Redford and Fierer 2009). The resulting buffer solution was split into two 50 
mL conical vials and centrifuged at 2,200 g for 15 min. The centrifuge pellets were then 
transferred into 2 mL microcentrifuge tubes and centrifuged at 10,000 g for 10 min. After 
decanting the supernatant, I stored the microcentrifuge tubes at -80° C until the DNA 
isolation procedure was performed.  
To extract the DNA from the phyllosphere bacteria I used a PowerSoil DNA 
Isolation Kit (Mo Bio Laboratories) to isolate the DNA for each sample. For this step, I 
decided to combine pellets from the three sampling days that were performed on each 
tree into single sample in order to include some of the variation that is known to occur in 
the phyllosphere from day-to-day (Redford et al., 2010). The batched DNA extracts were 
measured for absorbance at 260 nm (DNA and RNA) and 280 nm (proteins and 
contaminants) using the Qubit Fluorometric Quantitation sensor from Life Technologies. 
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Samples submitted for sequencing were higher than 1.8 ratio of 260/280 absorbance at 
their final concentration of at least 20 ng DNA/µL. 
Sample Sequencing: 
Isolated DNA were submitted to the Microbiome Analysis Laboratory at Arizona 
State University (Tempe, AZ, USA) for the steps of DNA library creation and subsequent 
steps as follows: The DNA library was created using general prokaryotic primers 
targeting the 16S rRNA V4 region: 515F 5’-GTGYCAGCMGCCGCGGTAA -3’, 805R 
5’-GGACTACNVGGGTWTCTAAT-3’, as per Caporaso et al. (2012). Polymerase chain 
reaction (PCR) was performed with an initial denaturation phase at 94 °C for 3 min, 
followed by 35 cycles (denaturation at 64 °C for 45 seconds, annealing at 50 °C for 50 
seconds, and extension at 72 °C for 90 seconds), with a final extension phase at 72 °C for 
10 minutes. Polymerase chain reaction amplifications were performed in triplicate for 
each sample, and PCR products were pooled and quantified using the Quant-
iTTM PicoGreen® dsDNA Assay Kit (Invitrogen, ThermoFisher Scientific, Waltham, MA, 
USA). Polymerase chain reaction products were then pooled to a total weight of 240 ng 
of DNA per sample. The DNA was purified in each sample using a QIA Quick PCR 
Purification kit (QIAGEN, Valencia, CA, USA). The DNA library’s concentration was 
quantified using the Kit ABI Prism® (Kapa Biosystems, Wilmington, MA, USA), 
following the manufacture’s instructions. The library was diluted to a final concentration 
of 4 nM, and was denatured and diluted to a final concentration of 4 pM with 30% PhiX. 
The DNA library was loaded on the MiSeq Illumina Sequencer (2x150 PE, Illumina, San 
Diego, CA, USA).  
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16S Community Analysis: 
 I processed and analyzed the metagenomic community using the Quantitative 
Insights Into Microbial Ecology pipeline and associated program scripts (QIIME; 
Caporaso et al., 2010). Taxonomy was derived using open reference OTU picking with 
the GreenGenes 97 reference file (Desantis et al., 2006; Wang, Garrity, Tiedje, & Cole 
2007; McDonald et al., 2012;) and QIIME default for de novo OTU picking. I used 
pyNAST for sequence alignments at the QIIME default settings of 150 base pairs and 
minimum 75% sequence identity (Caporaso., 2010). I set the minimum sequence count 
threshold at two to remove singletons. I used FastTree program, which utilizes taxonomy 
to arrange relatedness of sequences (Price et al., 2009), to build a phylogenetic tree and 
perform downstream analyses. I filtered out any OTUs corresponding to mitochondrial 
and chlorophyll genes because these contained DNA from the leaves themselves that 
were also amplified during PCR and thus represented contamination. Finally, I checked 
for chimeras, which are aborted PCR products that become erroneous DNA sequences in 
pools of highly conserved DNA, using Ribosomal Database Project Gold with the 
Uchime algorithm in the usearch7 strand plus setting (Edgar et al., 2011).  
Quantitative PCR: 
I performed Real-time quantitative polymerase chain reaction (qPCR) to quantify 
the copy number of the 16S rRNA gene in each phyllosphere community sample. I used 
primers 338F 5′-ACTCCTACGGGAGGCAGCAG-3′ 518R 5’-
GTATTACCGCGGCTGCTGG-3’ (Nubel, 1999) to quantify the 16S gene and used a 
known concentration of gBlocks® Gene Fragments from Integrated DNA Technologies 
to create a standard curve. The standard curve was constructed with a dilution series that 
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ranged from 107 to 102 total DNA copies. The reactions were prepared in triplicate at a 
total volume of 20 µl. Each reaction contained 5 µl of template DNA, 10 µl of Sybr Mix 
Green (TaqMan®), 0.4 µl of primers (500nM for each), and 4.6 µl of water. Two 
negative controls were used, one with no template and one with no reaction mix, to test 
for contaminations and primer dimers. The samples were amplified and quantified using 
an ABI7900HT thermocycler. The protocol for the 16S rRNA PCR was comprised of an 
initial denaturation phase (98˚C for 2.00 minutes), followed by 40 cycles of a second 
phase (95˚C for 10 seconds, and 55˚C for 30 seconds), and then a dissociation stage 
(beginning at 55 ˚C and ending at 95˚C with a 2% ramp rate). The results of the assay 
were expressed as copy number of bacterial 16S genes per gram of biomass, which was 
calculated for each sample based on its percentage of 16S reads that were not assigned to 
chloroplast and mitochondrial taxonomic lineages. 
 
RESULTS AND DISCUSSION 
 I addressed my research questions using the taxonomic information created in the 
computational steps of the methods section. These data provided the means to understand 
the composition of sampled phyllospheric bacterial communities and to compare the 
relative abundances of OTUs among treatment groups (i.e. setting and tree species). I 
used previous literature to evaluate the likely functions of OTUs that were relatively 
abundantly in one treatment group when compared with another and to discuss the 
potential outcomes of the presence or absence of that OTU. Thus, the following insights 
are limited to the potential services that phyllospheric bacteria are physiologically able to 
provide, rather than direct observations of growth or function in situ.  
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Research Question 1: What is the composition of the urban phyllosphere in 
Phoenix? 
I addressed my first research question very broadly by analyzing the overall 
diversity of phyllospheric bacteria and the heterogeneity of phyllospheric communities 
among all samples. A variety of diversity metrics are used to describe microbial 
communities, but I used Shannon’s Index because it is an accurate metric regardless of 
sequencing depth (Lemos et al., 2011), thus less variation occurs at different levels of 
rarefaction (I rarefied at 3665 sequences). Shannon’s Index measures the uncertainty in 
predicting which OTU would be the next selected (Lemos et al., 2011). I also used 
Simpson’s Index to measure diversity because it rewards higher OTU richness, but also 
measures dominance in a different way than Shannon’s Index by representing the 
probability that two randomly chosen sequences would be from the same OTU (Lemos et 
al., 2011). Lastly, I used Simpson’s Evenness, which expresses the proportion of the 
observed Simpson’s Index over the maximal theoretical Simpson’s Index that would be 
achieved if every OTU were evenly distributed in the sample.  
Shannon’s Index averaged across all of the samples was relatively high (Table 3) 
in comparison to other microbial communities, such as soil. Soil is a relevant microbial 
environment for comparison because it is well studied compared to the phyllosphere and 
generally considered a diverse environment. Lomas et al. (2011) demonstrated that when 
sequences are clustered to OTUs of 97% similarity, soil samples that are rarefied at a 
similar sequence depth have a Shannon’s Index of around 6 at an equivalent rarefaction 
depth. Simpson’s index was relatively high (the metric varies from 0 to 1; Table 3), 
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Table 3: Average Diversity and Evenness of Bacterial Sequences Among Samples 
(rarefied 3665 sequence count). 
Diversity Metric Average sd(+/-) 
Shannon’s Index 8.25 1.22 
Simpson’s Index 0.96 0.07 
Simpson’s Evenness 0.11 0.08 
 
meaning the aforementioned probability of guessing the next OTU was low, thus 
diversity was high. However, Simpson’s Evenness was low, with a large standard 
deviation, meaning that the samples still had dominant OTUs, but the amount of 
dominance varied among samples. 
These data revealed two aspects of the bacterial community composition data: 1) 
the samples were very diverse, with around 9000 OTUs that comprised 909 genera; and 
2) dominant and minor OTUs were present to a varying degree among samples. The 
variation in relative dominance of OTUs among samples was illustrated by the standard 
deviation found in Shannon’s Index, Simpson’s Index, and Simpson’s Evenness when 
averaged across samples (Table 3). In soil samples, Lemos et al. (2011) calculated low 
standard deviation among samples at similar sequence depth; in my samples a handful of 
dominant OTUs were present in only one or two samples and comprised varied 
proportions of the entire sample. These observations demonstrated that my techniques 
captured a large diversity of the microbial community that would leverage downstream 
analyses, and also that several of the most dominant OTUs were highly abundant in a 
small number of samples. Due to these findings, I chose analyses that required OTUs to 
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be represented consistently across samples to address questions 2 and 3 because I was 
most interested in phyllospheric bacteria that are likely to inhabit trees of an entire 
treatment group (i.e. setting and species), rather than phenomenological OTUs found only 
on certain trees. 
Next, I compared the bacterial phyla found in this arid, urban, and unknown 
phyllospheric environment, to communities found in previous studies. Several studies 
have compiled phyllospheric bacteria phyla distributions on plants of different species, 
using both culture-based and culture-independent techniques (Whipps 2008; Vorholt 
2012). I compared my findings with Redford et al. (2010) because they analyzed leaves 
from 56 species of urban trees in Boulder, Colorado, using culture-independent 
techniques. The top four phyla that I found on the leaves of both Chinese Elm and Indian 
Rosewood—Proteobacteria, Actinobacteria, Firmicutes, and Bacteriodetes—were also 
found in similar distributions on the leaves of two of Redford et al.’s (2010) trees, Ulmus 
americana (American Elm) and the Celtis occidentalis (American Hackberry; Figure 3). 
It was notable that the phyla distribution on Chinese Elm and Indian Rosewood leaves 
were very similar (Figure 3) because greater phylogenetic distance of the host tree has 
been shown to result in greater phylogenetic distance of the phyllospheric communities 
(Whipps, 2008; Redford et al., 2010; Vorholt, 2012).  
Though phyla distribution alone is an interesting finding, it is not a strong 
indicator that the phyllosphere communities of the two species were phylogenetically 
similar at the OTU level, so I also measured the phylogenetic distance using the weighted 
Unifrac distance (Figure 4). The weighted Unifac distance compared the relatedness of 
individual samples by orienting the sequences found in each along a phylogenetic tree 
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created from all of the sequences found in the entire study and assigned a pairwise 
distance between each sample. The weighted Unifrac distance between species (i.e. 
Chinese Elm samples and Indian Rosewood samples) was not significantly greater than 
intraspecies comparisons (i.e. within Chinese Elm samples and within Indian Rosewood  
 
Figure 3. Phyllosphere Bacterial Phyla Relative Abundance in Different Tree Species. 
Phoenix, AZ, trees (left) studied in this research, and Boulder, CO, trees (right, Redford 
et al., 2010). 
 
samples; Figure 4). In Redford et al. (2010), trees of the same species compared from 
around the world had lower weighted Unifrac distances than trees of different lineage 
from the same location; here, intraspecies and interspecies comparisons were of similar 
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phylogenetic distance. Thus, tree species was not a more important driver of community 
phylogeny than tree-to-tree variability. 
The average phyla distribution shown in Figure 3 was the product of varied 
individual phyla distributions (Figure 5). Each individual sample retained Proteobacteria, 
Actinobacteria, Firmicutes, and Bacteriodetes as their 4 most common phyla, but at 
different ratios or order of abundances in some samples. Proteobacteria, for example, 
comprised from 18% to 73% of individual samples. Similar variation was found among 
 
 
Figure 4. Inter and Intraspecies Weighted Unifrac Distances. Average distance among 
Chinese Elm samples, among Indian Rosewood samples, and between Chinese Elm and 
Indian Rosewood samples. 
 
0.22
0.23
0.24
0.25
0.26
W
ei
gh
te
d 
U
ni
fr
ac
D
is
ta
nc
e
Inter and Intraspecific weighted Unifrac distance
Chinese Elm
Vs
Indian Rosewood
Indian RosewoodChinese Elm
 20
closely related species in the Redford et al. (2010) study, in which sampling was 
performed on one day and in the same location. Generally, the causes of such variability 
in remain poorly understood, but the phenomenon is well-documented.  
 
 
Figure 5. Relative Abundance of Bacterial Phyla Across Samples. 
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communities may be more more strongly controlled by urban location than by host tree 
species. 
Overall, this small sample of Phoenix’s phyllosphere was very diverse, but maintained 
the same top phyla throughout samples. Phyllospheric bacteria are thought to be transient 
and to vary spatially and temporally, which was observed among individual samples 
(Figure 5). However, the congruity of phyla distribution among the sample averages 
(Figure 3) was not expected for the Chinese Elm and Indian Rosewood because they are 
from different taxonomic orders. That similar phyla distributions are present on these 
phylogenetically distant trees may be evidence of lower host-specific diversity in urban 
areas as a result of selective forces intrinsic to this arid, urban setting. Previous 
 
Figure 6. Average Linkage Clustering of Phyllosphere Communities. Park IR (Indian 
Rosewood), Park, and Road clusters fall into location/species relatedness hypotheses. 
Red bracketed clusters do not apply to either hypothesis. 
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research found that the urban environment, and specifically proximity to roads, decreased 
phyllospheric bacterial diversity (Brighigna et al., 2000; Joshi 2008), Thus, in Phoenix, 
location may be a greater selective pressure for phyllosphere communities of individual 
trees rather than host tree taxonomy. The phenomenon is of interest to urban foresters 
who plant a diversity of trees in order to protect the urban forest from disease. 
Phyllospheric bacteria play an active role in plant defense, so if any of the expected 
unique phyllospheric diversity found among trees outside of cities is not present, it may 
also alter the tree’s unique hardiness to specific pathogens. 
 
Research Question 2: Does the phyllospheric composition change with different 
urban locations or tree host species?  
 The phyllospheric bacterial community composition varied among the two 
locations and tree species (i.e. treatments) at the OTU level, and the bacterial density was 
not significantly different among treatments. I acquired the absolute density of bacteria 
among treatment groups to ensure that OTUs that were relatively abundant within a 
treatment group were also absolutely abundant. Thus, bacteria that were relatively 
abundant in treatment comparisons comprised a larger proportion of two similarly-sized 
communities. 
I quantified bacterial density with quantitative polymerase chain reaction (i.e. qPCR) of 
bacterial 16S genes present in each sample (Figure 7) and used the total biomass of each 
sample to find the density of bacteria for each treatment type. I quantified the number of 
16S gene copies by grams of leaf biomass rather than leaf surface area because the two 
tree species have different surface architecture, making quantification of surface area 
 23
difficult, and because my bacterial extraction technique likely also extracted bacteria 
from the mesophyll, an area which likely varied between the two species. Biomass was 
also a better indication of the amount of energy needed to create the phyllosphere 
environment necessary for the bacteria live, and thus better illuminates the tradeoff 
between bacterial phylloremediation and city expenditures.  
 
 
Figure 7. Bacterial 16S Sequences per Gram of Leaf Biomass. 
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Since none of the treatment groups were significantly different in 16S density, I 
next compared the relative abundance of specific OTUs among groups with the 
knowledge that their absolute abundances were similar. I found that 81 OTUs were much 
more abundant (i.e. differentially abundant) on park tree leaves when compared to  
roadside tree leaves of the same species (Figure 8, Table 4), and only 11 OTUs were 
differentially abundant at roadside locations compared to parks (Figure 8, Table 4). 
Lower abundances of phyllospheric OTUs found on roadsides corroborates with 
Joshi (2008), who found that roadside trees harbored lower abundances of bacteria 
compared with trees that were farther away. This meant that both park trees and road 
trees harbored members of the phyllosphere that were relatively absent in the other 
treatment group, and that the subset of differentially abundant OTUs was much larger for 
parks than for roadsides. 
In order to be differentially abundant, an OTU had to be expressed highly in one 
group compared to the other and had to be present at high numbers throughout all of the 
samples in the group. This analysis focused on the individual OTUs that were present in a 
specific treatment group, which was preferable because, as shown in Figure 5, the 
samples as a whole were not always the most closely related if they were found in the 
same setting and were the same species.  
 I also compared Indian Rosewood and Chinese Elm species in both parks and 
roadside scenarios (Figure 9), and found that among park trees, Chinese Elm had 19 
differentially abundant OTUs and Indian Rosewood had 2 (Table 5). This was lower than 
expected based on the literature, which suggests that host tree taxonomy influences the 
phyllospheric inhabitants, but it corroborated with the general trend that park trees were  
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Figure 8. Differentially Abundant OTUs Between Park and Road Leaves. Red dots are 
OTUs that were significantly abundant (i.e. differentially abundant) and black dots are 
not. Positive log fold change represents OTUs that were more abundant on park tree 
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clustered by setting rather than species. Again, urban foresters, who plant diverse urban 
forests to avoid catastrophic pathogenicity, should also be interested in preserving any 
unique OTUs that each taxonomically unique tree hosts in its phyllosphere. The unique 
OTUs likely confer the benefit of competitive exclusion of pathogens that would infect 
leaves. 
 
Table 4: Intraspecies Differentially Abundant OTUs in Park and Road Settings. 
Setting Chinese Elm Indian Rosewood Total OTUs 
Park 66 25 81 
Road 8 3 11 
  
In comparing road Chinese Elm and Indian Rosewood, I found that no OTUs 
were differentially abundant between the species. Again, differentially abundant OTUs 
among species are important for urban forestry because the uniqueness of the 
phyllosphere among different tree species likely confer advantages in resisting different 
pathogens.  
 
Table 5: Interspecies Differentially Abundant OTUs in Park and Road Settings. 
Setting Chinese Elm Indian Rosewood Total OTUs 
Park 19 2 21 
Road 0 0 0 
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Figure 9. Differentially Abundant OTUs Between Indian Rosewood and Chinese Elm. 
Red dots are OTUs that are significantly different, and black dots are not. Positive log 
fold change represents OTUs that are more abundant in Indian Rosewood, and negative 
log fold change are more abundant in Chinese Elm. 
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Research Question 3: How do park and road settings affect the presence of 
ecologically and biogeochemically significant phyllospheric bacteria? 
 
 In this section I focused on the ecological and biogeochemical significance of the 
differences in community composition between settings that were conveyed by the 
differential abundance analysis in the previous section. Most of the differentially 
abundant OTUs were present in parks, where a total of 81 were found. Because the 
differentially abundant OTUs in the park setting were numerous, I focused my discussion 
on few genera that were represented by multiple differentially abundant OTUs of high 
average sequence reads per sample (i.e. base mean >20). I decided to discuss these OTUs 
(i.e. 97% 16S similarity) as their common genus (i.e. 92% similarity 16S similarity) 
because many important traits are shared among OTUs of a genus, and the literature often 
focuses on the genus level rather than the OTU. 
 
Phyllosphere Constituents 
I chose to address ecological and biogeochemical significance by several traits discussed 
in previous research (Vorholt, 2012; Weyens et al., 2015). The first trait I assessed was 
whether a differentially abundant OTU occurs across a variety of plant hosts (Table 4). 
Plants are known to be healthier and grow faster with robust phyllospheric bacterial 
communities than axenic plants (Vorholt, 2012; Weyens et al., 2015), thus, plants that 
host greater numbers of bacterial genera that are commonly found across plant lineages  
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Table 6: Phyllosphere Constituents With OTUs Differentially Abundant in Park Trees. 
 
Genus Plant Host Reference
Sphingomonas
Trchilia
Campomanesia
Common bean
Soybean
Canola
Clover
Arabidopsis thaliana
Several others from the following 
families:
• Caryophyllaceae
• Polygonaceae
• Bassicaceae
• Primulaceae
• Fabaceae
• Oxalidaceae
• Convolvulaceae
• Lamiaceae
• Scrophulariaceae
• Asteraceae
• Poace
Lambais et al., 2006
Lambais et al., 2006
Copeland et al., 2014
Delmotte et al., 2009; Copeland et al., 
2014
Copeland et al., 2014
Vorholt 2012
Delmotte et al., 2009
Kim et al., 1998
Pseudomonas
Wheat
Tomato
Crofton Weed
Several ornamental plants
Lettuce
Citrus Tree
Soybean
Clover 
Arabidopsis thaliana
Common bean
Canola
Legard et al., 1994
Enya et al., 2006
Zhou et al., 2009
Yutthammo et al., 2009; Al-Awadhi et 
al., 2012
Hunter et al., 2010
Yang et al., 2000
Delmotte et al., 2009; Copeland et al., 
2014
Delmotte et al., 2009
Delmotte et al., 2009
Copeland et al., 2014
Copeland et al., 2014
Massilia
Lettuce
Apple
Tomato
Spinach
Rastogi et al., 2012
Yashiro et al., 2011
Enya et al., 2006
Lopez-Velasco et al., 2011
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are likely confer health benefits to the plant. The presence of these genera may allow the 
plant itself to provide greater ecosystem services; I considered these OTUs to be 
constituent members of the phyllosphere and beneficial to the trees that I studied. 
Sphingomonas, Pseudomonas, and Massilia are each considered phyllosphere 
constituents and were genera from which OTUs were differentially abundant in park 
trees. One function of phyllosphere constituents is that they protect plants from pathogens 
through competitive exclusion. Sphingomonas is one of the the best studied phyllosphere 
inhabitants and is known for its ability to out-compete other phyllosphere colonizers. 
They are ubiquitous inhabitants of the phyllosphere in part because of their ability to 
uptake substrates that are often present at low concentrations (i.e. transiently 
oligotrophic) on the leaf surface (Delmotte et al., 2009; Innerebner et al., 2011). 
Sphingomonas have this ability because of their intense production of transport proteins 
that transport external nutrients, including pollutants that adsorb on leaf surfaces, into the 
cell at high efficiency. A specific set of transport proteins, known Ton-B transport 
systems, are highly abundant in Sphingomonas relative to other bacteria (Delmotte et al., 
2009). These proteins are postulated to aid in the scavenging of hydrocarbons produced 
by both plants and the surrounding environment (Schauer et al., 2008; Delmotte et al., 
2009; Vorholt, 2012).  
Pseudomonas are known to inhabit the phyllosphere of a diversity of plants in 
varying concentrations as endophytes within the mesophyll (Knief et al., 2010) and as 
epiphytes (Lindow & Brandl, 2003). The Pseudomonas genus contains perhaps the best-
studied phyllospheric plant pathogen, P. syringae, however this species was not found in 
any of my phyllosphere communities. Other pseudomonas species have been shown to 
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commensally inhabit a large variety of plants in relatively large quantities. Pseudomonas 
have an abundance of porins, proteins that facilitate the passive transport of small 
molecules into the cell (Delmotte et al., 2009), which may help them uptake nutrients, 
and they are capable of surfactant release that results in increased wettability that aids 
their growth (Zhou et al., 2009). 
The Massilia genus is a notable phyllosphere constituent because they are a 
hugely abundant constitutive member of phyllosphere communities on agricultural plants 
(Bringel & Couee, 2015). They have been shown to inhabit lettuce leaves (Rastogi et al., 
2012), apple leaves (Yashiro et al, 2011), tomato leaves (Enya et al., 2006), and also 
represented 7% of total bacterial population in the microbiome of spinach leaves (Lopez-
Velasco et al., 2011). The presence of this genus in parks may be a manifestation of 
management practices in parks, as Bringel & Couee (2015) suggested that its presence is 
linked to agricultural practices. While the benefits of this genus are not well studied, its 
presence as a commensal likely confers some benefit to the tree. 
 
Plant growth promoters 
Sphingomonas promote plant growth (Innerebner, Knief, and Vorholt, 2011) 
through a variety of mechanisms, but here I focused on chemical signaling to the plant 
because it directly stimulates plant responses. Sphingomonas produce indole-3-acetic 
acids (IAAs), which are plant growth regulators also known as auxins (Enya et al., 2007; 
Weyens et al., 2015). These signals have complex outcomes within the plant, but they are 
known to decrease the plant defense response, increase nutrient supply, and stimulate  
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Table 7: Ecological Significance of Differentially Abundant Park OTUs by Genus. A 
constituent of agricultural plants is signified with an asterisk (*). 
Genus Phyllosphere 
Constituent 
PAH 
Degradation 
Petroleum 
Degradation 
Plant 
Growth 
Promotion 
Biological 
Control 
Agent 
Sphingomonas √ √  √ √ 
Pseudomonas √ √ √  √ 
Nocardiodes  √    
Dyadobacter   √   
Massilia √*     
 
plant growth (Weyens et al., 2015); each of these outcomes may enhance the plant’s 
ability to confer ecosystem services. 
 
Biological control agents  
 Phyllospheric bacteria that actively combat microbial pathogens, which would 
harm the plant host, are considered biological control agents. Sphingomonas produce N-
acyl-homoserine lactones (AHLs), which are quorum sensing molecules that aid in 
colonization and confer resistance to antimicrobial compounds secreted by plants, also 
make them biological control agents by excluding potential pathogens. Sphingomonas 
protects tomato plants from mold (Enya et al., 2007) and Arabidopsis thaliana from P. 
syringae (Innerebner et al., 2011). Both Pseudomonas and Sphingomonas protect rice 
from seedling disease caused by pathogens Achlya klebsiana and Pythium spinosum 
(Adhikari et al., 2001). Interestingly, Sphingomonas strains that inhabit the phyllosphere 
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are known to protect plants from pathogen infection, while Sphingomonas from air, dust, 
and water do not confer resistance from pathogens to plant hosts (Innerebner, Knief, and 
Vorholt, 2011).  
 
PAH degradation 
Sphingomonas, Pseudomonas, and Nocardiodes have been shown to directly 
degrade PAHs in isolation and in gas-tight systems (Song et al., 2000; Yuthammo et al., 
2010). Pseudomonas was found to aid in plant removal of phenanthrene, a PAH in air 
pollution produced near high volumes of vehicular traffic, naphthalene (Alquati et al., 
2005), and other PAHs directly (Yuttammo et al., 2010; Sun et al., 2014). 
Nocardiodes, as well, is known to degrade phenanthrene using a unique dioxygenase 
enzyme (Saito et al., 2000).  
Along with the differentially abundant genera mentioned above, several known PAH 
degraders were found in large abundances throughout the phyllosphere in both of my 
settings (Figure 10). Bacillus, Pseudomonas, and Sphingomonas were each among the top 
15 abundant genera, and collectively comprised almost 10% of all sequences and they 
each directly process PAHs (Yutthammo et al., 2010; Undugoda et al., 2016).  
Among the PAH degraders in Figure 10, Sphingomonas was significantly greater 
as a proportion of the community in park Chinese Elm (Tukey’s HSD, p = .05) than in 
any other group. As discussed above, Sphingomonas confer many benefits to plants along 
with their direct ability to remediate pollution. 
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Figure 10. Known PAH degraders as Proportion of Whole Community. Sphingomonas is 
significantly greater in park Chinese Elm by Tukey’s HSD (p<0.05). 
 
Petroleum degradation 
Dyadobacter and Pseudomonas have been show to grow on several aliphatic 
substrates derived from crude oil and become airborne pollutants (Al-Awadhi et al., 
2012). In urban areas, these carbon sources are created from a variety of human activities 
including motor vehicle transportation, however, they often become nucleated into 
particles in the air and adsorb to leaf surfaces (Heo et al., 2013). Because of the way they 
nucleate, their accessibility on leaf surfaces is questionable, though the potential to 
degrade these pollutants is known and may be of use for phylloremediation. 
 
Roadside Community 
Roadside tree leaves contained only a few differentially abundant OTUs, and 
among those several were associated with petroleum and oil polluted areas rather than 
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phyllosphere communities (Table 8). Their relative abundance on roadside leaves may 
have been caused by dispersal from nearby road surfaces where they may naturally occur 
or their presence be an indicator that leaves near roadsides select for microbes that are 
able to utilize pollutants. Joshi (2008) found that roadside trees had a variety of toxins on 
their surfaces, which may have been a cause of decreased phyllosphere constituents  
 
Table 8: Differentially Abundant Road OTUs by Genus. (√* refers to a bacterial isolate 
from a polluted area) 
Genus 
Or 
Family  
Phyllosphere 
Constituent 
PAH 
Degradation 
Petroleum 
Degradation 
Plant 
Growth 
Promotion 
Biological 
Control 
Agent 
Moraxaceae   √*   
Burholderiales   √*   
Georgenia   √*   
 
discussed in the previous section (i.e. differentially abundant in parks). As discussed 
earlier, less competitive exclusion from phyllosphere constituents would allow other 
microbes to colonize, including these unlikely phyllosphere inhabitants.  
The differentially abundant OTUs included one from the Moraxaceae family that 
had 99% similarity to an isolate found in microbial communities of petroleum-
contaminated soil (NCBI Blast). While no literature could be found about the isolate’s 
traits, it was likely that with such sequence similarity that a physiological relationship 
pollution from the road are relevant. Likewise, a differentially abundant OTU from the 
Order Burkholderiales was 96% similar to another member of the order isolated by Silva 
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et al. (2010) in petroleum refinery waste bacterial communities, and an OTU Georgenia 
sediminis was most closely related to a strain found in an oil-contaminated site (NCBI 
Blast). These OTUs were likely specialized for polluted environments, thus their 
abundance on roadside trees may corroborate the findings of Joshi (2008), where toxins 
were more prevalent in the phyllosphere near roadsides. Such toxins harm plants and may 
reduce the ecological services conferred by roadside trees. 
 The differentially abundant OTUs on park tree leaves compared to road trees 
illustrated how the two settings differed. The parks had 8-fold more differentially 
abundant OTUs, and many were of ecological significance either as constitutive members 
of the phyllosphere, or as promoters of plant health and growth and pollutant removal. 
The road trees were missing many of their core phyllospheric members, and their unique 
members were likely found on leaves because of transportation-based air pollution. It is 
also likely that those OTUs were able to colonize as a result of the diversity that was lost 
at those sites. However, the few OTUs that were differentially abundant on road tree 
leaves may confer specialized pollution remediation that park phyllosphere communities 
lacked. Furthermore, if the OTUs were consistently able colonize leaves, they could be 
conferring benefits to tree health through their unique detoxification abilities. The setting 
of roadside trees may provide pollutants that adsorb to the phyllosphere as a resource for 
these microbes in higher concentrations than park trees due to their proximity to motor 
vehicles. Thus, road trees of both species may provide a unique phylloremediation 
capability that parks do not. 
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Nitrogen Biogeochemistry 
 Bacteria of the phyllosphere are known to have several biogeochemical functions 
that are important to the nitrogen cycle. The most wide-spread function by phyllospheric 
bacteria is nitrogen fixation, which occurs on the leaves of a variety trees and agricultural 
crops (Whipps et al., 2008). However, nitrification is of greater interest in the urban 
environment where NOx and ammonia are readily produced by human activity. 
Chemolithoautotophic nitrifiers that oxidize ammonia and nitrite have been shown to 
inhabit the apoplast of spruce tree needles as well as the needle surface, though in smaller 
numbers (Papen et al., 2002; Sattelmacher & Horst, 2007). Studies concerning nitrifiers 
in the phyllosphere are limited, and among the strains that have been shown to be 
phyllosphere nitrifiers, only Bradyrhizobium and Rhodococcus were found in my 
samples and in very low quantity. Thus, phylloremediation of nitrogen pollutants could 
not be determined from this study given the limited knowledge of the bacteria who 
perform this biogeochemistry in the phyllosphere. 
 
Conclusion 
As an exploratory study, this research for the first time identified a vast diversity 
of phyllospheric bacteria in Phoenix, AZ. The heterogeneity found at the OTU level 
suggested that the specific location (park vs road) of a tree and the subsequent 
management practices are important drivers of phyllosphere community composition. 
Differences between park and road setting likely arose from a combination of factors 
including watering and management regimes, distance from roadsides, which are point 
sources of pollution, and the prevalence of surrounding soil and nearby plants, which are 
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reservoirs for phyllospheric bacteria disbursal and colonization on leaves. From 
observing the phyllosphere alone, there is strong evidence that park trees are healthier, 
and thus confer greater ecosystem services than roadside trees. However, the unique 
OTUs found on road trees suggests that the phyllosphere closer to pollution sources may 
be an environment for phylloremediation that does not occur on park trees. 
A takeaway for city planning as the urban canopy expands could be a hybrid of 
the current design. Roadside trees with a strip of green space connecting them may be a 
strategy to maximize the phyllosphere by retaining phyllosphere constituents that benefit 
tree health while providing an environment for pollution remediation that may be 
provided by the unique OTUs residing on roadside trees. Roadside trees are very 
important for creating pedestrian-friendly zones because they cool through shade and 
evapotranspiration. If pollution interception is occurring on trees and by the trees 
themselves, then they should be planted relatively close to the road.  
Infusing green space throughout the city may be the best strategy for Phoenix, 
though its implementation would require analysis of the sustainability implications of 
utilizing resources for its cause. The City of Phoenix has already quantified the benefits 
of trees for phylloremediation, cooling, carbon sequestration, and stormwater runoff; 
other, less quantifiable benefits include the social value of walkability, community 
cohesion, and aesthetic value added by green space. The tradeoffs for these benefits 
include water use, grounds maintenance costs, and infrastructural investment (i.e. the use 
of valuable space and construction of physical irrigation structures).  
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Given these tradeoffs, the City of Phoenix has difficult decisions to make in order 
to expand the urban forest. However, as population increases, so should urban green 
space, and thus the urban canopy, and it should be done in a manner that maximizes the 
potential ecosystem services of the urban forest. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 40
REFERENCES 
Adachi, K., Iwabuchi, T., Sano, H., & Harayama, S. (1999). Structure of the Ring 
 Cleavage Product of 1-Hydroxy-2-Naphthoate, an Intermediate of the 
 Phenanthrene-Degradative Pathway ofNocardioides sp. Strain KP7. Journal of 
 bacteriology, 181(3), 757-763. 
Adhikari, T. B., Joseph, C. M., Yang, G., Phillips, D. a, & Nelson, L. M. (2001). 
Evaluation of bacteria isolated from rice for plant growth promotion and biological 
control of seedling disease of rice. Canadian Journal of Microbiology, 47(10), 916–
924. http://doi.org/10.1139/w01-097 
Al-Awadhi, H., Al-Mailem, D., Dashti, N., Hakam, L., Eliyas, M., & Radwan, S. (2012). 
 The abundant occurrence of hydrocarbon-utilizing bacteria in the phyllospheres of 
 cultivated and wild plants in Kuwait. International Biodeterioration & 
 Biodegradation, 73, 73-79. 
 
Ali, N., Sorkhoh, N., Salamah, S., Eliyas, M., & Radwan, S. (2012). The potential of 
 epiphytic hydrocarbon-utilizing bacteria on legume leaves for attenuation of 
 atmospheric hydrocarbon pollutants. Journal of environmental management, 
 93(1), 113-120. 
Alquati, C., Papachhini, M., Riccardi, C., Spicaglia, S., & Bestetti, G. (2005). Diversity 
of naphthalene-degrading bacteria from a petroleum contaminated soil. Ann. 
Microbiol. (Milano, Italy), 55(4), 237–242. 
Anderson, K. E., Russell, J. A., Moreau, C. S., Kautz, S., Sullam, K. E., Hu, Y. I., ... & 
 Wheeler, D. E. (2012). Highly similar microbial communities are shared among 
 related and trophically similar ant species. Molecular Ecology,21(9), 2282-2296. 
 
Bargabus, R. L., Zidack, N. K., Sherwood, J. E., & Jacobsen, B. J. (2002).        
 Characterisation of systemic resistance in sugar beet elicited by a non-pathogenic, 
 phyllosphere-colonizing Bacillus mycoides, biological control agent*1. 
 Physiological and Molecular Plant Pathology, 61(2002), 289–298. 
 http://doi.org/10.1006/pmpp.2003.0443 
 
Behrendt, U., Ulrich, A., Schumann, P., Naumann, D., & Suzuki, K. I. (2002). Diversity 
 of grass-associated Microbacteriaceae isolated from the phyllosphere and litter 
 layer after mulching the sward; polyphasic characterization of Subtercola 
 pratensis sp. nov., Curtobacterium herbarum sp. nov. and Plantibacter flavus gen. 
 nov., sp. nov. International Journal of Systematic and Evolutionary Microbiology, 
 52(5),  1441-1454. 
 41
Bettez, N. D., Marino, R., Howarth, R. W., & Davidson, E. a. (2013). Roads as nitrogen 
deposition hot spots. Biogeochemistry, 114(1-3), 149–163. 
http://doi.org/10.1007/s10533-013-9847-z 
Bolund, P., & Hunhammar, S. (1999). Ecosystem services in urban areas. Ecological 
 economics, 29(2), 293-301.  
 
Bora, R. S., Murty, M. G., Shenbagarathai, R., & Sekar, V. (1994). Introduction of a 
 lepidopteran-specific insecticidal crystal protein gene of Bacillus thuringiensis 
 subsp. kurstaki by conjugal transfer into a Bacillus megaterium strain that persists 
 in the cotton phyllosphere. Applied and environmental microbiology, 60(1), 
 214-222. 
 
Borland, S., Oudart, A., Prigent-Combaret, C., Brochier-Armanet, C., & Wisniewski-
 Dyé, F. (2015). Genome-wide survey of two-component signal transduction 
 systems in the plant growth-promoting bacterium Azospirillum.BMC genomics, 
 16(1), 1. 
 
Brighigna, L., Gori, A., Gonnelli, S., & Favilli, F. (2000). The influence of air pollution 
  on the phyllosphere microflora composition of Tillandsia leaves (Bromeliaceae). 
 Revista de biología tropical, 48(2-3), 511-517. 
 
Caporaso, Kyle Bittinger, Frederic D. Bushman, Todd Z. DeSantis, Gary L. 
 Andersen, and Rob Knight. January 15, 2010, DOI 
 10.1093/bioinformatics/btp636. Bioinformatics 26: 266-267. 
 
Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer 
 N, Gonzalez Pena A, Goodrich JK, Gordon JI, Huttley GA, Kelley ST, Knights D, 
 Koenig JE, Ley RE, Lozupone CA, McDonald D, Muegge BD, Pirrung M, 
 Reeder J, Sevinsky JR, Turnbaugh PJ, Walters WA, Widmann J, Yatsunenko T, 
 Zaneveld J, Knight R. 2010. QIIME allows analysis of high-throughput 
 community sequencing data. Nature Methods 7(5): 335-336. 
 
City of Phoenix. (2010). Tree and shade master plan. Retrieved from     
 https://www.phoenix.gov/parkssite/Documents/T%20and%20A%202010.pdf 
Copeland, J. K., Yuan, L., Layeghifard, M., Wang, P. W., & Guttman, D. S. (2015). 
 Seasonal community succession of the phyllosphere microbiome. Mol Plant-
 Microbe Interact, 28(3), 274–285. http://doi.org/10.1094/MPMI-10-14-0331-FI 
De Kempeneer, L., Sercu, B., Vanbrabant, W., Van Langenhove, H., & Verstraete, W. 
(2004). Bioaugmentation of the phyllosphere for the removal of toluene from indoor 
air. Applied Microbiology and Biotechnology, 64(2), 284–288. 
http://doi.org/10.1007/s00253-003-1415-3 
 
 42
Delmotte, N., Knief, C., Chaffron, S., Innerebner, G., Roschitzki, B., Schlapbach, R., & 
 Vorholt, J. A. (2009). Community proteogenomics reveals insights into the 
 physiology of phyllosphere bacteria. Proceedings of the National Academy of 
 Sciences, 106(38), 16428-16433. 
 
DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, et al. 2006. 
 Greengenes, a  chimera-checked 16S rRNA gene database and workbench 
 compatible with ARB. Appl Environ Microb 72(7): 5069-5072 
 
Edgar, RC, Haas, BJ, Clemente, JC, Quince, C, Knight, R. 2011. UCHIME improves 
 sensitivity and speed of chimera detection. Bioinformaticsbtr381. 
 
Environmental Protection Agency. (2015). How BenMAP-CE Estimates the Health and 
 Economic Effects of Air Pollution. Retrieved March 27, 2016, from 
 https://www.epa.gov/benmap/how-benmap-ce-estimates-health-and-economic-
 effects-air-pollution 
Enya, J., Shinohara, H., Yoshida, S., Tsukiboshi, T., Negishi, H., Suyama, K., & 
Tsushima, S. (2007). Culturable leaf-associated bacteria on tomato plants and their 
potential as biological control agents. Microbial Ecology, 53(4), 524–536. 
http://doi.org/10.1007/s00248-006-9085-1 
Ercolani, G. L. (1991). Distribution of epiphytic bacteria on olive leaves and the 
 influence of leaf age and sampling time. Microbial Ecology, 21(1), 35-48. 
 
Fathallh Eida, M., Nagaoka, T., Wasaki, J., & Kouno, K. (2012). Isolation and 
 characterization of cellulose-decomposing bacteria inhabiting sawdust and coffee 
 residue composts. Microbes and Environments, 27(3), 226-233. 
 
Ilori, M. O., Amund, O. O., Ezeani, C. J., Omoijiahina, S., & Adebusoye, S. A. (2006).  
 Occurrence and growth potentials of hydrocarbon degrading bacteria on the 
 phylloplane of some tropical plants. African Journal of biotechnology,5(7), 542. 
 
Innerebner, G., Knief, C., & Vorholt, J. A. (2011). Protection of Arabidopsis thaliana 
 against leaf-pathogenic Pseudomonas syringae by Sphingomonas strains in a 
 controlled model system. Applied and environmental microbiology, 77(10), 3202-
 3210. 
 
Jacques, M. A., Kinkel, L. L., & Morris, C. E. (1995). Population sizes, immigration, and 
growth of epiphytic bacteria on leaves of different ages and positions of field-grown 
endive (Cichorium endivia var. latifolia). Applied and Environmental Microbiology, 
61(3), 899–906. 
 
Jari Oksanen, F. Guillaume Blanchet, Roeland Kindt, Pierre Legendre, Peter R. Minchin, 
 R. B. O'Hara, Gavin L. Simpson, Peter Solymos, M. Henry H. Stevens and 
 43
 Helene Wagner (2016). vegan: Community Ecology Package. R package version 
 2.3-4. https://CRAN.R-project.org/package=vegan 
 
Joshi, S. R. (2008). Influence of roadside pollution on the phylloplane microbial 
 community of  Alnus nepalensis (Betulaceae). Revista de biología tropical, 
 56(3), 1521-1529. 
 
Karl, T., Harley, P., Emmons, L., Thornton, B., Guenther, A., Basu, C., & Jardine, K. 
 (2010). Efficient atmospheric cleansing of oxidized organic trace gases by 
 vegetation. Science, 330(6005), 816-819. 
 
Kim, H., Nishiyama, M., Kunito, T., Senoo, K., Kawahara, K., Murakami, K., & Oyaizu, 
 H. (1998). High population of Sphingomonas species on plant surface. Journal of 
 applied microbiology, 85(4), 731-736. 
 
Kinkel, L. L. (1997). Microbial population dynamics on leaves. Annual review of 
phytopathology, 35(1), 327-347. 
 
Kinkel, L. L., Wilson, M., & Lindow, S. E. (2000). Plant species and plant incubation 
conditions influence variability in epiphytic bacterial population size. Microbial 
Ecology, 39(1), 1–11. http://doi.org/10.1007/s002489900182 
 
Kodama, Y., Shimoyama, T., & Watanabe, K. (2012). Dysgonomonas oryzarvi sp. nov., 
 isolated from a microbial fuel cell. International journal of systematic and 
 evolutionary microbiology, 62(12), 3055-3059. 
 
Shandilya, K. K., & Khare, M. (2012). Particulate matter: sources, emission rates and 
 health  effects. Advances in environmental research, 23, 265-322. 
 
Leff, J. W., Del Tredici, P., Friedman, W. E., & Fierer, N. (2015). Spatial structuring of 
bacterial communities within individual Ginkgo biloba trees. Environmental 
Microbiology, 17(7), 2352–2361. http://doi.org/10.1111/1462-2920.12695 
 
Legard, D. E., McQuilken, M. P., Whipps, J. M., Fenlon, J. S., Fermor, T. R., Thompson, 
I. P., ... & Lynch, J. M. (1994). Studies of seasonal changes in the microbial 
populations on the phyllosphere of spring wheat as a prelude to the release of a 
genetically modified microorganism. Agriculture, Ecosystems & Environment, 
50(2), 87-101. 
 
Leveau, J. H. J., & Lindow, S. E. (2000). Appetite of an epiphyte :Quantitativemonitoring 
of bacterial sugar consumption in the phyllosphere. 
 
Lindow, S. E., & Brandl, M. T. (2003). Microbiology of the phyllosphere. Applied and 
 environmental microbiology, 69(4), 1875-1883.  
 
 44
Lohse, K. A., Hope, D., Sponseller, R., Allen, J. O., & Grimm, N. B. (2008). 
 Atmospheric deposition of carbon and nutrients across an arid metropolitan area. 
 Science of the Total Environment, 402(1), 95-105. 
Lemos, L. N., Fulthorpe, R. R., Triplett, E. W., & Roesch, L. F. W. (2011). Rethinking 
microbial diversity analysis in the high throughput sequencing era. Journal of 
Microbiological Methods, 86(1), 42–51. http://doi.org/10.1016/j.mimet.2011.03.014 
Love MI, Huber W, Anders S (2014) Moderated estimation of fold change and dispersion 
  for RNA-seq data with DESeq2. Genome Biology 15(12): 550 
 
Mar, T. F., Norris, G. A., Koenig, J. Q., & Larson, T. V. (2000). Associations between air 
 pollution and mortality in Phoenix, 1995-1997. Environmental health 
 perspectives, 108(4), 347. 
 
Maricopa Association of Governments. (2008). Traffic Volume Survey and Traffic Count 
 Maps. Retrieved March 12, 2016, from 
 https://www.azmag.gov/Projects/Project.asp?CMSID2=1139 
 
McDonald D, Price MN, Goodrich J, Nawrocki EP, DeSantis TZ, Probst A, Andersen 
 GL, Knight R, Hugenholtz P. 2012. An improved Greengenes taxonomy with 
 explicit ranks for ecological and evolutionary analyses of bacteria and archaea. 
 ISME J 6(3): 610–618 
 
Mohammadian Fazli, M., Soleimani, N., Mehrasbi, M., Darabian, S., Mohammadi, J., & 
 Ramazani, A. (2015). Highly cadmium tolerant fungi: their tolerance and removal 
 potential. Journal of Environmental Health Science and Engineering, 13, 19. 
 http://doi.org/10.1186/s40201-015-0176-0 
 
Mwajita, M. R., Murage, H., Tani, A., & Kahangi, E. M. (2013). Evaluation of 
 rhizosphere, rhizoplane and phyllosphere bacteria and fungi isolated from rice in 
 Kenya for plant growth promoters. SpringerPlus, 2(1), 606. 
 
MyTreeKeeper. (2016). Retrieved March 27, 2016, from      
 http://www2.daveytreekeeper.com/ufrm/index.html 
 
Nemeghaire, S., Argudín, M. A., Feßler, A. T., Hauschild, T., Schwarz, S., & Butaye, P. 
 (2014). The ecological importance of the Staphylococcus sciuri species group as a 
 reservoir for resistance and virulence genes. Veterinary microbiology, 171(3), 
 342-356. 
 
Nowak, D. J., Crane, D. E., & Stevens, J. C. (2006). Air pollution removal by urban trees 
 and shrubs in the United States. Urban forestry & urban greening,4(3), 115-123. 
 
 45
Nübel, U., Garcia-Pichel, F., & Muyzer, G. (1997). PCR primers to amplify 16S rRNA 
 genes from cyanobacteria. Applied and environmental microbiology, 63(8), 3327-
 3332. 
 
Oluyemi, B. M. Multidrug Resistant Staphylococcus Isolates from the Phyllosphere and 
 Rhizosphere of Ficus sycomorus Linn. 
 
Papen, H., Geβler, A., Zumbusch, E., & Rennenberg, H. (2002). Chemolithoautotrophic 
 nitrifiers in the phyllosphere of a spruce ecosystem receiving high atmospheric 
 nitrogen input. Current microbiology, 44(1), 56-60. 
 
Pedraza, R. O., Bellone, C. H., de Bellone, S. C., Sorte, P. M. F. B., & dos Santos 
 Teixeira, K. R. (2009). Azospirillum inoculation and nitrogen fertilization effect 
 on grain yield and on the diversity of endophytic bacteria in the phyllosphere of 
 rice rainfed crop. european Journal of soil Biology, 45(1), 36-43. 
 
Phoenix tree fact sheet. Retreived March 16, 2016, from     
 https://www.phoenix.gov/parkssite/MediaAssets/PHX%20Fact%20Sheet.pdf  
 
Price, M.N., Dehal, P.S., and Arkin, A.P. (2009) FastTree: Computing Large  
 Minimum-Evolution Trees with Profiles instead of a Distance Matrix. Molecular 
 Biology and Evolution 26:1641-1650, doi:10.1093/molbev/msp077.  
Ravindra, K., Sokhi, R., & Van Grieken, R. (2008). Atmospheric polycyclic aromatic 
hydrocarbons: Source attribution, emission factors and regulation. Atmospheric 
Environment, 42(13), 2895–2921. http://doi.org/10.1016/j.atmosenv.2007.12.010 
Redford, A. J., Bowers, R. M., Knight, R., Linhart, Y., & Fierer, N. (2010). The ecology 
 of the phyllosphere: geographic and phylogenetic variability in the distribution of 
 bacteria on tree leaves. Environmental microbiology, 12(11), 2885-2893. 
 
Ryan, R. P., Germaine, K., Franks, A., Ryan, D. J., & Dowling, D. N. (2008). Bacterial 
endophytes: recent developments and applications. FEMS Microbiology Letters, 
278(1), 1–9. http://doi.org/10.1111/j.1574-6968.2007.00918.x 
 
Sandhu, A., Halverson, L. J., & Beattie, G. A. (2007). Bacterial degradation of airborne 
 phenol  in the phyllosphere. Environmental microbiology, 9(2), 383-392. 
 
Sandhu, A., Halverson, L. J., & Beattie, G. A. (2009). Identification and genetic 
 characterization of phenol-degrading bacteria from leaf microbial communities. 
 Microbial ecology, 57(2), 276-285. 
Sattelmacher, B., & Horst, W. J. (2007). The apoplast of higher plants: Compartment of 
storage, transport and reactions: The significance of the apoplast for the mineral 
nutrition of higher plants. The Apoplast of Higher Plants: Compartment of Storage, 
 46
Transport and Reactions: The Significance of the Apoplast for the Mineral Nutrition 
of Higher Plants, (June 2016), 1–457. http://doi.org/10.1007/978-1-4020-5843-1 
Scott JJ, Budsberg KJ, Suen G, Wixon DL, Balser TC, Currie CR (2010). Microbial 
 Community Structure of Leaf-Cutter Ant Fungus Gardens and Refuse Dumps. 
  PLoS ONE 5(3): e9922. doi:10.1371/journal.pone.0009922 
 
Shimizu, M. (2011). Endophytic actinomycetes: biocontrol agents and growth promoters. 
 In Bacteria in Agrobiology: Plant Growth Responses (pp. 201-220). Springer 
 Berlin Heidelberg. 
 
Silva, C. C., Jesus, E. C., Torres, A. P., Sousa, M. P., Santiago, V. M., & Oliveira, V. M. 
  (2010). Investigation of bacterial diversity in membrane bioreactor and 
 conventional activated sludge processes from petroleum refineries using 
 phylogenetic and statistical approaches. Journal of microbiology and 
 biotechnology, 20(3), 447-459. 
 
Slovik, S., Siegmund, A., FÜHRER, H. W., & Heber, U. (1996). Stomatal uptake of SO2, 
 NOx and O3 by spruce crowns (Picea abies) and canopy damage in Central 
 Europe. New phytologist, 132(4), 661-676. 
 
Song, J., Sung, J., Kim, Y. M., Zylstra, G. J., & Kim, E. (2000). Roles of the meta-and 
 the ortho-cleavage pathways for the efficient utilization of aromatic hydrocarbons 
 by Sphingomonas yanoikuyae B1. JOURNAL OF MICROBIOLOGY-SEOUL-, 
 38(4), 245-249. 
 
Suda, W., Oto, M., Amachi, S., Shinoyama, H., & Shishido, M. (2007). A Direct Method 
 to Isolate DNA from Phyllosphere Microbial Communities without Disrupting 
 Leaf Tissues.  Microbes and environments/JSME, 23(3), 248-252. 
 
Sun, K., Liu, J., Gao, Y., Jin, L., Gu, Y., & Wang, W. (2014). Isolation, plant 
 colonization potential, and phenanthrene degradation performance of the 
 endophytic bacterium  Pseudomonas sp. Ph6-gfp. Scientific reports, 4.  
 
Thangaraj, K., Kapley, A., & Purohit, H. J. (2008). Characterization of diverse 
 Acinetobacter  isolates for utilization of multiple aromatic compounds. 
 Bioresource technology, 99(7), 2488-2494. 
 
Van Aken, B., Peres, C. M., Doty, S. L., Yoon, J. M., & Schnoor, J. L. (2004). 
 Methylobacterium populi sp. nov., a novel aerobic, pink-pigmented, facultatively 
  methylotrophic, methane-utilizing bacterium isolated from poplar trees (Populus 
  deltoides× nigra DN34). International journal of systematic and evolutionary 
 microbiology, 54(4), 1191-1196. 
 
 47
Vazquez-Baeza Y, Pirrung M, Gonzalez A, Knight R. 2013. Emperor: A tool for 
 visualizing high-throughput microbial community data. Gigascience 2(1):16 
 
Vogel, C., Innerebner, G., Zingg, J., Guder, J., & Vorholt, J. A. (2012). Forward genetic  
 in planta screen for identification of plant-protective traits of Sphingomonas sp. 
 strain Fr1 against Pseudomonas syringae DC3000.Applied and environmental 
 microbiology, 78(16), 5529-5535. 
 
Wang Q, Garrity GM, Tiedje JM, Cole JR. 2007. Naive Bayesian classifier for rapid 
 assignment of rRNA sequences into the new bacterial taxonomy. Appl Environ 
 Microb 73(16): 5261-5267 
 
Whipps, J. M., Hand, P., Pink, D., & Bending, G. D. (2008). Phyllosphere microbiology 
with special reference to diversity and plant genotype. Journal of Applied 
Microbiology, 105(6), 1744–55. http://doi.org/10.1111/j.1365-2672.2008.03906.x 
 
Yamada, Y., Katsura, K., Kawasaki, H., Widyastuti, Y., Saono, S., Seki, T., ... &
 Komagata, K.  (2000). Asaia bogorensis gen. nov., sp. nov., an unusual acetic acid 
 bacterium in the alpha-Proteobacteria. International Journal of Systematic and 
 Evolutionary Microbiology, 50(2), 823-829. 
 
Yatsunenko, Jesse Zaneveld and Rob Knight; Nature Methods, 2010;    
 doi:10.1038/nmeth.f.303 
 
Yutthammo, C., Thongthammachat, N., Pinphanichakarn, P., & Luepromchai, E. (2010).  
 Diversity and activity of PAH-degrading bacteria in the phyllosphere of 
 ornamental plants. Microbial ecology, 59(2), 357-368. 
 
Zhang, B., Bai, Z., Hoefel, D., Tang, L., Yang, Z., Zhuang, G., ... & Zhang, H. (2008). 
 Assessing the impact of the biological control agent Bacillus thuringiensis on the 
 indigenous microbial community within the pepper plant phyllosphere. FEMS 
 microbiology letters, 284(1), 102-108. 
 
 
 
 
 
 
 
 48
APPENDIX A 
QUANTITATIVE POLYMERASE CHAIN REACTION 
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Figure S1. qPCR amplification plot. Ct (cycle threshold) set at 2.5, and baseline set from 
cycles 3-8. 
 
Figure S2. Standard curve plot of qPCR. gBlocks DNA from concentrations of 102 107. 
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Figure S3. qPCR dissociation (melting) curve. 
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APPENDIX B 
ADDITIONAL 16S ANALYSIS 
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Figure S4. Collector’s Curve for all samples. 
 
Figure S5.  Simpson’s Evenness of rarefied samples. Rarefaction sequence count 
threshold was 12155, and samples with less were excluded. 
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APPENDIX C 
DOWNSTREAM ANALYSIS OF DIFFERENTIAL ABUNDANCE 
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To analyze genes by clustering, I attempted to stabilize the variance to moderate 
OTU fold changes for gene clustering. DESeq2 selects the best transformation of for the 
data, which in my case was a “local regression”, which is the log dispersions over log 
base mean, intended to decrease variance. It had no stabilizing effect here, however, and 
it will be used later in the pipeline. 
 
 
Figure S6. Variance Stabilization (no effect). 
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Figure S7 shows standard deviation (though my output has different x-y labels) by 
the rank of the base mean.  
 
Figure S7. Standard Deviation by base mean.  
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Figure S8. Top twenty OTUs. First 5 are road, second 4 are park) Most were not well 
distributed and were removed for community clustering. 
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Figure S9. Top hundred OTUs. First five were roadside trees, the last 4 were park. 
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Figure S10. Principle component analysis of road and park samples. 
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APPENDIX D 
DISCUSSION OF EXCLUDED OTUS AND SAMPLES 
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 One roadside Indian Rosewood and one park Chinese Elm were removed as 
outliers on the NMDS plot because they graphed at around 7000 and 3000 units away 
from the other eighteen samples, respectively. The Indian Rosewood had only 155 total 
sequences and the Chinese Elm was originally comprised by OTUs that were later 
removed because they were likely contaminants, so it is likely that the sample was 
contaminated throughout. 
Several of the most common OTUs were from origins outside of the typical 
phyllosphere microbiome. Insect endosymbionts comprise many of the sequences in 
question. One OTU was a member Enterobacteriaceae family of Proteobacteria that 
comprised 9% of all sequences. 85% of its 33,714 sequences were found on the park 
Indian Rosewood trees (samples 16-20, IRP). The sequence shared 100% identity 
(similarity) to microflora associated with Stephanothrips and Frankliniella, two genera of 
thrips, an insect that inhabits tree leaves (NCBI Blast). Thrips consume leaf tissue and are 
predators to smaller organisms also found on leaf surfaces. They leave excrement on 
leaves, which is the likely source of these bacteria 
(http://www.ipm.ucdavis.edu/PMG/PESTNOTES/pn7429.html). They were found in 19 
of 20 samples, but were differentially abundant in park Indian Rosewood, which were 
taken from two different parks in Phoenix. Another OTU belonging to the 
Dysgonomonas genus comprised 5% of all sequence reads, of which the vast majority 
originated from a single Chinese Elm park sample. A sequence of 98% similarity is 
associated with the gut bacteria leaf-cutter ants (Blast, Scott et al., 2010), which inhabit 
South Mountain preserve (https://askabiologist.asu.edu/leafcutters-spring-action), located 
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about one mile south of the tree’s location. Buchnera aphidicola, an obligate aphid 
endosymbiont, comprised over 3% of all sequences. 
 An OTU sharing 100% similarity with Asaia bogorensis comprised over 3% of 
sequences, and was found in two Indian Rosewood trees from the same park (University 
Park). This bacterium is found in orchid flower nectar (Yamada et al., 2000), which 
are found in nearby library park and may be present in surrounding neighborhoods. 
Staphylococcus sciuri comprised over 3% of all sequences, and were mostly found in a 
single roadside Chinese Elm sample. This bacterium is found in animal and human 
samples, dust and the environment (Nemeghaire et al., 2014). 
 A total of fourteen OTUs that were both above 1500 total sequences and 75% of 
their total reads were found within a single sample. These were removed prior to non-
metric dimensional scaling (NMDS) analysis because they would highly influence the 
communities that they inhabited. Still, two samples were much different than the other 
eighteen (Figure S11). 
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Table S1. Possible outliers of bacterial taxonomic assignments within particular samples 
of over 1500 individual reads. OTU IDs beginning with “OTU” are de novo OTUs 
picked after they failed to hit the reference collection in the closed reference step using 
OTUs 97 reference.  
Sample ID 
(sample 
number) 
OTU ID Taxonomic Assignment # of reads in 
sample (% of total 
found in column 
1) 
% of 
samples in 
which OTU 
is found 
CEP3 (8) 752012 Dysgonomonas (g) 18636 (92) 20 
IRP3 (18) 814266 Acetobacteraceae (f) 13581 (99) 10 
CER2 (2) 1121111 Staphylococcus (g); 
sciuri (s) 
13384 (99) 60  
CEP3 (8) 1132130 Buchnera (g)  5782 (66) 20 
CEP2 (7) 1142199 Xanthomonadaceae  5869 (99) 20 
CEP3 (8) 921110 Vagococcus (g),  3530 (76) 25 
CEP3 (8) OTU37 Buchnera (g) 2670 (64) 20 
CEP2 (7) 525841 Enterobacteriaceae (f) 3109 (94) 35 
CEP3 (8) OTU126 Dysgonomonas (g), 
again, same sample 
1917 (91) 20 
CEP3 (8) OTU0 Enterobacteriacea (f) 1607 (85) 20 
CEP2 (7) 169428 Lactobacillus (g) 1762 (98) 35 
CER5 (5) 1146205 Candidatus Portiera (g) 1100 (63) 55 
IRP3 (18) 145619 Corynebacterium 1514 (95) 30 
CER1 (1) 331697 Enterobacteriaceae 1221 (79) 75 
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Figure S11. NMDS after outlier OTUs removed. CEP3 (sample 8) and IRR2 (sample 12) 
remained outliers of this analysis. 
